The indirect effects of top predators on the biomass of lower trophic levels have been 25 extensively documented, especially in aquatic ecosystems and are commonly characterized as 26 "trophic cascades." There have also been studies showing that predator diversity can play an 27 important role in mediating these trophic cascades. In addition, some studies have demonstrated 28 that the diversity of consumers can impact the stability of their resources. However, the effects of 29 predator diversity on the stability of lower trophic levels (cascading effects of predator diversity) 30
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We inoculated each tank with a common inoculum of phytoplankton collected from 138 nearby tanks which had been colonized by local phytoplankton strains for several months. The 139 phytoplankton community became dominated by green algae (Chlorophyta), ranging in size from 140 green picoplankton ~1 um in diameter to Oocystis with mother cell walls up to ~25 um in 141 diameter and dominated by a few morphospecies, especially Selenastrum and Oocystis 142 (Appendix 1). We allowed the phytoplankton to grow for 15 days before adding zooplankton. 143
We collected an array of zooplankton taxa from small water bodies nearby, including many 144 rotifer species, Spirostomum, Arctodiaptomus dorsalis, Mesocyclops edax, and Scapholeberis 145 kingi, and ordered Daphnia magna from Sachs Systems Aquaculture (St. Augustine, FL) to 146 extend the size range of the zooplankton to include larger-bodied individuals (Appendix 1). We 147 mixed the zooplankton taxa together and added an equal volume to each tank. 148
Notonecta and Neoplea were collected from ponds at the Austin Water Utility at Hornsby 149 Bend, Austin, TX and added after the zooplankton. We added either no insect predators 150 (controls), 6 adult Notonecta, 90 adult Neoplea, or 3 adult Notonecta with 45 adult Neoplea to 151 the tanks. Each treatment was replicated five times, for a total of 20 tanks in a randomized 152 design. The chosen relative densities of Notonecta and Neoplea (1:15) were determined to satisfy 153 the null hypothesis that each treatment with predators would experience the same total predation 154 rate if the predators did not partition prey resources. We determined this ratio by measuring the 155 dry masses of several adults of each taxon and then using the metabolic scaling law reported for 156 insects (Glazier 2010) to estimate the number of Neoplea that would be expected to consume the 157 same prey mass per day as 3 Notonecta. Additionally, in the laboratory experiment (methods 158 described below) individual Notonecta consumed 14.3x more animal mass than Neoplea in the 159 1x zooplankton concentration microcosms and 16.3x more animal mass than Neoplea in the 2x 160 during the experiment. Survival of both species was estimated by sampling tanks with a D-net, 162
and was estimated to be ~80% with no significant difference between the species or treatments. 163
Beginning a week after adding predators, we sampled zooplankton and phytoplankton 164 weekly for six weeks. To sample zooplankton, we used iterated spatially-spread subsamples to 165 collect 12L of water from each tank using tube samplers. We filtered this water using 65 μm 166 mesh, returned any predators to the tank, and preserved the retained material in 10% Lugol's 167 solution. We then identified and counted zooplankton in subsamples of this collection such that 168 for each taxon, at least 25 individuals or 10% of the sample was counted, whichever came first, 169 and at least 50 total individuals were counted. We measured the length of each crustacean and 170
Spirostomum with a micrometer to the nearest half increment (0.24 mm) and measured the length 171 and width of rotifers and width of Spirostomum to the nearest 0.05 increment (0.024 mm). We 172 converted crustacean length to biomass using length-mass regressions (Culver et al. [1985] for biomass approximating cells as cylinders and assuming the same 10:1 biovolume:dry mass ratio. 179
To sample phytoplankton, we used iterated spatially-spread subsamples to collect 50 mL 180 water column samples from each tank using 1-cm diameter PVC pipes. After storing the 181 phytoplankton samples for ~24 hours in darkness on ice, we measured the absorbance of each 182 sample at 680 in vivo using a spectrophotometer. We then extracted chlorophyll-a and measured 9 chlorophyll-a fluorescence accounting for turbidity, following standard methods (APHA 1989) . 184
We also preserved subsamples in 10% formaldehyde and enumerated phytoplankton densities 185 using a hemocytometer. We counted 25 nL or 50 cells of the most common morphospecies, 186 whichever came first, and counted at least 100 nL for the other taxa. Two individuals separately 187 counted each sample using these methods and then the counts were averaged. We also took 188 several micrographs of each morphospecies across tanks and dates and measured the cell 189 dimensions using ImageJ (Schneider et al. 2012) , measuring >15 cells of all but the rarest 190 morphospecies. Then we used geometric approximations to calculate the biovolume of each cell 191 (Appendix 1). 192
Laboratory experiment 193
We conducted an accompanying laboratory experiment to test whether Notonecta and 194
Neoplea had different effects on zooplankton herbivore groups on a short time scale. Following 195 completion of the field experiment, we collected plankton samples from several of the field 196 mesocosms and mixed them together. Half of the plankton mixture was filtered with a 100 μm 197 filter to concentrate the zooplankton to 2x ambient density. Additionally, ten adults of both insect 198 predator species were collected from the tanks. Each predator was placed individually in a 199 microcosm with either the 1x or 2x zooplankton density. Notonecta were placed in microcosms 200 filled with 1.5 L plankton mixture, and Neoplea were placed in microcosms with 100 mL 201 plankton mixture, such that the volumes were proportional to the 15:1 ratio of expected prey 202 consumption by the two species. Additionally, we established control microcosms with no 203 predator. All treatments were replicated five times, yielding 40 total microcosms (2 predator 204 species/microcosm sizes X predator presence or absence X 2 zooplankton concentrations X 5 205 replicates). The microcosms were randomized and placed in an environmental chamber 1 0 maintained at 25 C° with fluorescent lights on a 16:8 h light:dark cycle. After five days, we 207 filtered the contents of each microcosm using a 44 μm filter and preserved them in 10% Lugol's 208 solution. Five days represents just under one generation for the dominant zooplankton with the 209 shortest generation time, Daphnia magna and Scapholeberis kingi. Therefore we anticipated that 210 five days would provide enough time for the predators to impact their prey populations but 211 would not provide enough time for the zooplankton populations to significantly recover, 212 allowing us to better estimate the effects of the predators on mortality of different plankton 213 species while minimizing the influence of plankton fecundity and adaptation. 214
Grouping phytoplankton and zooplankton for analysis 215
An herbivorous zooplankter was defined as any taxon that, according to the literature and 216 our data, is primarily herbivorous over its life span and is not strictly benthic. Thus, Mesocyclops 217 was included in analyses even though the adult stage is omnivorous (Adrian and Frost 1993). 218 Spirostomum, a filter-feeding ciliate, was also included in the herbivorous zooplankton despite 219 characterization in the literature as a bacterivore, since preliminary analysis also suggested that it 220 reduced the biomass of smaller algae. However, the most dominant zooplankter in most tanks, 221 the diaptomid copepod Arctodiaptomus dorsalis, was not included. Diaptomid copepods exhibit 222 a much faster escape response and lower vulnerability to predators than other crustacean 223 zooplankton, and are often omnivorous (O'Brien 1979, Williamson 1987). Preliminary analysis 224 showed that Arctodiaptomus biomass was unaffected by either predator, and also had no effect 225 on algal biomass or stability, essentially acting as a bystander to the cascading food web effects. 226
Due to the difficulty of distinguishing Arctodiaptomus nauplii from nauplii of the other copepod 227 species, Mesocyclops edax, all nauplii were also excluded from analysis. Arctodiaptomus 1 1 average, so biomass of Mesocyclops nauplii likely represented a small fraction of herbivore 230
biomass. 231
To test our hypothesis that Notonecta and Neoplea partitioned their resources based on 232 body size, leading to differential size-based cascading food web effects, it was necessary to 233 divide plankton into groups based on size. Based on our prediction that Notonecta would 234 selectively prey on Daphnia and Neoplea would prey on smaller zooplankton, we split 235 herbivorous zooplankton into Daphnia and all other herbivores (hereafter, "smaller herbivores") 236 for analysis. Daphnia was the largest and the second most dominant herbivore taxon, comprising 237 28% of herbivore biomass on average in control tanks, while the smaller herbivores comprised a 238 similar 26% of herbivore biomass in control tanks (Arctodiaptomus comprised 43%). The 239 smaller herbivores were dominated by Scapholeberis kingi, a hyponeustonic daphniid (Appendix 240 1). Zooplankton were grouped in the same way for analysis of the laboratory experiment. Since 241 the zooplankton used in the laboratory experiment were sampled from a subset of tanks after the 242 field experiment had ended, the zooplankton composition slightly differed from the average 243 composition in the field experiment. But as in the field experiment, Scapholeberis was by far the 244 most dominant species among the smaller herbivores; no new species appeared in the laboratory 245 experiment, and all the species found in the field experiment were included in the laboratory 246 experiment except for a few of the rarest rotifers (Appendix 1). In the predator-free laboratory 247 microcosms, Daphnia and the smaller herbivores composed 51% and 38% of the total herbivore 248 mass on average, respectively. 249
Phytoplankton were similarly grouped into two size classes representing the largest taxon 250 and all smaller taxa. Large phytoplankton are only vulnerable to large filter feeders (i.e., 251 1 2 morphospecies were impacted more strongly by herbivores and were thus grouped together 253 (Appendix 1). We also ran analyses using alternative groupings including the two largest and the 254 three largest morphospecies. 255
Data analysis 256
We analyzed the effects of predator treatment on mean biomass of Daphnia and smaller 257 herbivores by fitting a gamma GLMM (generalized linear mixed model in the gamma family), 258 using a dummy variable for each predator addition treatment to compare against the no-predator 259 control treatment, and fit separately for each herbivore group. To analyze the effect of treatment 260 on zooplankton biomass in the laboratory experiment, we used gamma GLMs with zooplankton 261 concentration (1x or 2x) and predator presence as fixed effects, fit separately for each predator 262 species and zooplankton group (four models). To assess whether changes in zooplankton 263 biomass represented a mechanism mediating predation and algal stability, we tested the effects of 264 mean biomass of the two focal zooplankton groups on the CV of biovolume of the three algal 265 groupings. For this analysis we fit gamma GLMs with mean biomass of the two focal 266 zooplankton groups as the two fixed effects, again with a separate model for each algal grouping. 267
This analysis was repeated using the within-tank standard deviation of biomass of the 268 zooplankton groups, instead of mean biomass, as predictors. 269
To analyze algal stability, we calculated the temporal coefficient of variation (CV, a 270 standard measure of variability) of algal biovolume in each cattle tank over the course of the 271 experiment, measured separately for each of the three algal groupings (total, Oocystis 1, and all 272 but Oocystis 1). Then we used gamma GLMs to test whether predator treatment affected the CV 273 of algal biovolume, the same way we analyzed biomass of herbivore groups. To compare mean 274 algal biovolume by treatment, we used gamma GLMMs (generalized linear mixed models in the 1 3 gamma family) with a dummy variable for each predator addition treatment and tank as a 276 random effect, using the lme4 package (Bates et al. 2015 ). Again, we tested each algal grouping 277 separately. In addition, we compared the CV and mean of algal biomass as estimated by 278 chlorophyll-a extraction and by absorbance at 750 nm and 680 nm in the same way we analyzed 279 algal biovolume; however, it is not possible to break these measurements down by algal taxon, 280 and so these proxies are comparable only to total algal biovolume. All data analysis was 281 conducted using version 3.5.3 of the R software package (R Core Team 2017). 282 283
Results

284
While the addition of one or the other heteropteran predator by themselves did not 285 significantly affect the variability of phytoplankton biomass, addition of both predators stabilized 286 the community biomass of edible phytoplankton by reducing the biomass of both the largest 287 herbivore, Daphnia, and of the smaller herbivores. In the short-term laboratory experiment, the 288 predators reduced opposing herbivore groups: Notonecta reduced Daphnia biomass (GLM, 289 P<0.001) by 97.1% averaged over both zooplankton concentrations without affecting the smaller 290 herbivores, while Neoplea reduced the biomass of smaller herbivores (GLM, P<0.001) by 68.1% 291 averaged over both zooplankton concentrations without affecting Daphnia biomass ( Fig. 1) . In 292 the longer-term field experiment, the two predators had similar effects on the herbivore groups, 293 with one notable difference. Daphnia biomass was reduced by 99.6% in tanks with Notonecta 294 and by 96.8% in tanks with both predators, but was unaffected in tanks with Neoplea ( Mean biomass of both Daphnia and the smaller herbivores was associated with increased 299 variability of biovolume of smaller phytoplankton, but only Daphnia biomass was associated 300 with increased variability of Oocystis 1 biovolume (Table 2) . Not surprisingly, Daphnia biomass 301 was also associated with increased variability of total phytoplankton biovolume, while the 302 biomass of smaller herbivores was only marginally associated with increased variability of total 303 phytoplankton biovolume. For all three algal groupings, mean biovolume was negatively 304 associated with mean Daphnia biomass, but was not affected by mean biomass of smaller 305 herbivores ( Table 2) . 306
Variability of the biovolume of smaller phytoplankton was not affected by adding either 307 predator alone, but was reduced when both predators were added (Table 3 , Fig. 3C ). In contrast, 308 variability of Oocystis 1 biovolume was not significantly affected by any predator treatment 309 (Table 3 , Fig. 3B ). When both groups of phytoplankton were summed together as total 310 community biomass, it was unclear whether predator diversity affected variability because 311 different methods of biomass estimation yielded different conclusions. Absorbance in vivo at 680 312 nm, a crude proxy for algal biomass, was significantly less variable only when both predators 313 were added (GLM, P=0.036). However, absorbance at 665 nm of extracted chlorophyll-a, a less 314 crude proxy, was only marginally significantly less variable with both predators (GLM, 1 5
Discussion 322
Our results show that the two focal predator species, Notonecta and Neoplea, partitioned 323 herbivorous prey, and that this complementarity led to a reduction in the variability of smaller, 324 more edible phytoplankton biomass. Notonecta reduced Daphnia biomass and Neoplea reduced 325 biomass of a group of smaller herbivores in the laboratory; accordingly, both herbivore groups 326 were simultaneously reduced in the field only when both predators were added. Biomass of both 327 herbivore groups was separately and positively associated with variability of biomass of smaller 328 phytoplankton. In turn, variability of biomass of the smaller phytoplankton was only reduced in 329 the treatment with both predators. Thus, as represented in Figure 4 , the presence of both 330 predators appeared to be necessary to suppress both Daphnia and the smaller herbivores at low 331 densities, thereby freeing the smaller phytoplankton of enough herbivory to stabilize its temporal 332 dynamics ( Fig. 4d ). Adding only one or the other predator failed to reduce both herbivore 333 groups, allowing herbivore-induced variability to continue (Fig. 4b-c ). On the other hand, the 334 smaller herbivores did not affect the biomass variability of Oocystis 1, which was the largest 335 phytoplankton taxon and therefore expected to be least vulnerable to small herbivores. 336 Unsurprisingly, then, there was no diversity effect on the variability of Oocystis 1 biomass; in 337 fact, there was no difference across any predator treatments, perhaps because even Daphnia 338 affected this large alga too weakly to cause an effect across treatments. Because Oocystis 1 was 339 not affected by predator treatment, total phytoplankton biomass was only marginally less 340 variable when both predators were added (although this result depended on the method for 341 estimating phytoplankton biomass). Average biomass of both phytoplankton groups was 342 characterized by a similar pattern. That is, there were no differences in mean phytoplankton 1 6 biomass across predator treatments, and higher biomass of Daphnia -but not of smaller 344 herbivores -was associated with lower mean biomass of both phytoplankton groups. 345
There are several potential reasons for the difference in the effect of Neoplea on the 346 smaller herbivores in the laboratory versus the field experiment. One of the largest differences 347 between the experiments is the length of time the predators were added: five days in the 348 laboratory versus seven weeks in the field. The laboratory experiment attempted to estimate the 349 prey preference of the predators without allowing time for the prey to recover appreciably; on the 350 other hand, the field experiment allowed time for the prey populations to reproduce. This may 351 have allowed the smaller herbivores to continually recover (at least partially) from predation by 352 Neoplea, while the stronger effect of Notonecta on Daphnia did not allow Daphnia to recover. 353
With Daphnia virtually eliminated, Notonecta may have then switched to less preferred, smaller 354 prey, increasing the total consumption of smaller herbivores (Fig. 4) . Whatever the reason for the 355 weaker effect of Neoplea in the field, both predators were still needed to suppress both herbivore 356 groups just as the laboratory results suggested. 357
The cascading diversity effect was not apparent in all tanks or taxa, but this pattern was 358 consistent with background variation in the mesocosms and in edibility among the plankton taxa. 359
In at least one mesocosm per treatment, variability of the smaller phytoplankton was at least as 360 low as the average variability with both predators (Fig. 3) . This pattern can be explained by large 361 background variation in the system: even in the absence of predators, variation in the density of 362
Daphnia and of the smaller herbivores was very large, with some control tanks having 363 consistently low herbivore densities. This meant that only some tanks within each treatment 364 contained enough herbivores for a cascading predator effect to be detected. Still, the diversity-365 stability effect remained significant when the smaller ("edible") phytoplankton were defined in 1 7 every reasonable way, and is further supported by an intuitive mechanism linking 367 complementarity to stability. The experiments were not set up to prove this mechanism, so our 368 description of this mechanism amounts to our hypothesis for how predator complementarity led 369 to lower algal variability. We did not know a priori which planktonic species would establish in 370 the mesocosms, nor how they would interact, and so it was necessary to explore the data to find a 371 hypothesized mechanism. Dominant species (i.e., Arctodiaptomus) that were not affected by the 372 treatments obscured the potential food web mechanism unless removed from analysis. It is not 373 surprising that some taxa were not involved in the cascading food web effect, since species 374 within trophic levels commonly differ greatly in their capture probability and edibility. In fact, 375 that the taxa which appeared not to be involved in the cascade stand out from the others in terms 376 of lower capture probability only strengthens support for the proposed food web mechanism. increasing predator diversity, as long as the predators partitioned resources, led to lower mean 382 herbivore biomass and higher mean autotroph biomass -i.e., a diversity-biomass trophic cascade 383 (Straub et al. 2008 ). In our field experiment, predator diversity decreased mean biomass of the 384 focal herbivores but did not significantly increase mean phytoplankton biomass, although there 385 was a weak, non-significant trend towards higher biomass of smaller phytoplankton. Only 386
Daphnia was associated with lower phytoplankton biomass, and not the smaller herbivores; 387 overall, the effect of the herbivores on mean phytoplankton biomass seemed to be too weak to 388 complete a diversity-biomass trophic cascade. It is not uncommon for herbivores, and therefore 1 8 changes in herbivore biomass, to have weak effects on plant biomass (Maron and Crone 2006 de-stabilizing effects on smaller phytoplankton biomass, and so there was a stronger pathway 394 from predator diversity to small phytoplankton stability, resulting in the completion of a 395 diversity-stability trophic cascade. Thus, in this case, the temporal variability of autotroph 396 biomass was more sensitive to changes in herbivore biomass than was average autotroph 397 biomass, at least for the taxa more vulnerable to herbivory. Future studies will need to explore 398 the generality of this result. 399
A few studies have reported the effects of predator diversity on the variability of 400 predation or adjacent trophic levels, and some have described theoretical mechanisms relevant to 401 these studies. Griffin and Silliman (2011) found that the combination of two predators which 402 exhibited temporal complementarity in attack rates reduced the temporal variability of the total 403 predation rate on a shared prey. Ong and Vandermeer (2015) showed theoretically that the 404 combination of a predator and a parasite can suppress a pest to a low, stable population. 405
However, our study is the first (to our knowledge) to test whether predator diversity can cascade 406 down a food web to reduce temporal variability of primary producer biomass. Theoretical work 407 suggests several mechanisms linking diversity and stability in ecosystems, mostly focusing on 408 single trophic levels (Loreau and de Mazancourt 2013) . With a two-trophic level model, 409
Thébault and Loreau (2005) showed that decreasing herbivore biomass stabilizes (and increases) 410 plant biomass. Coupling this finding with the consensus from the literature that complementarity 411 of resource use by predators tends to reduce herbivore biomass, it follows that predator 1 9 complementarity should indirectly stabilize (and increase) plant biomass. However, we are not 413 aware of a theoretical study making this argument; thus, our results suggest a new diversity-414 stability mechanism that could be important in biological control. 415
Our results suggest that adding multiple natural enemies to an agro-ecosystem can 416 stabilize fluctuations in crop yields, provided the natural enemies partition pest resources. While 417 a goal of farmers will always clearly be to achieve as high an average yield as possible, 418 achieving consistent yields is often just as important. We showed that combining predators 419 differing in a trait known to correlate with prey preference, body size, can be a key factor leading 420 to the cascading stabilizing effect on phytoplankton. Phytoplankton are increasingly cultured as a 421 crop for a variety of purposes from biomass production for biofuels, animal feed, or fertilizer, to 422 nutrient removal from wastewaters. However, algal culturing is not yet widely practiced on large 423 scales, in large part because it has so far proven too difficult to achieve consistently high algal 424
yields as algae ponds are colonized by pests that are difficult or costly to control by mechanical 425 or chemical means. Adding a functionally diverse array of predators to algae ponds may be a 426 feasible, economical, self-sustaining way to encourage more reliable algal yields. 427
The ecological principles that seemed to govern the diversity-stability trophic cascade 428 effect in our experiment are general and therefore may apply to terrestrial agriculture as well. 429
Our results suggest a simple biological control technique wherein consortia of natural enemy 430 species varying in size are added or encouraged to an agro-ecosystem to promote crop stability. 431
Diversity of other functional traits related to prey choice, microhabitat preference, temporal 432 patterns in control strength, or variance in mode of prey suppression may also encourage crop 433 yield stability in a similar fashion and could also be managed in natural enemy consortia when 434 relevant information is available. For example, top-down control can be stabilized by adding Here we have demonstrated that higher predator diversity and higher complementarity of 442 prey resource use, can cascade down to stabilize temporal dynamics of algal biomass without 443 affecting mean algal biomass. This connection between predator diversity and primary producer 444 stability is an important step towards joining biodiversity-ecosystem function theory with food 445 web theory, as biodiversity and ecosystem functioning research has only recently begun 446 incorporating energy flows in a food web context. Future work is needed to further explore the 447 simultaneous influence of predator diversity, in its various forms, on both the average and 448 stability of community-and ecosystem-level functioning. It is important to uncover whether 449 stability is generally more sensitive to cascading food web effects than is average biomass, or 450 how the two effects are related in different contexts. Predator diversity may also have different 451 effects on other measures of stability, such as spatial variability and resilience. Developing this 452 field at the intersection of biodiversity-ecosystem functioning and food web ecology not only 453 will improve our understanding of the functioning of natural ecosystems and their vulnerability 454 to anthropogenic biodiversity loss, but also will provide information that can be directly used to 455 manage for more reliable crop production and other ecosystem services. 
